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Abstract

The model of adsorbate pore filling correction was applied to describe ethanol vapour diffusion
from a stream of air in particles of activated carbon. The calculated values of pore diffusivity DAB were

ranging from 1.06x10° to 2.60x10° m? s™. Transport of ethanol vapours in pores of activated carbon
Supersorbon HS-4 proceeded via combination of Knudsen and surface diffusion. The values of effective

diffusivity De calculated from the pore diffusivity DAB varied from 3.13x10™ to 2.461x10™ m? s™ and a
dependence of D. on adsorbate concentration was found.
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Diffusion of substances in solid porous
bodies is described in details in several
monographs [1—11]. Cranck [12]
published solutions of an equation
describing the unsteady diffusion for the
basic forms of porous material and
chosen initial and boundary conditions.
In many published papers kinetic
adsorption data are treated as unsteady
diffusion in adsorbent particles [13, 14].
Such a treatment is based on the
assumption of the existence of a linear
isotherm of infinitely rapid entrapment of
adsorptive on the adsorption surface.
The advantage of this procedure is that
the mass transfer of adsorptive in
particles of adsorbent is characterized
by the only one information, i.e. the
effective diffusion coefficient.

The aim of this work was to treat the
experimental kinetic data from the
measurements of stepwise adsorption
and desorption of ethanol vapours on
activated carbon Supersorbon HS-4 by
the adsorbate pore filling correction
model of diffusion described in paper
[15]. The model is based on the
equation describing unsteady diffusion
in the spherical particles pores, where
the volume of pores is corrected by the
volume of adsorbate entrapped. The
adsorption equilibrium is described by
the Langmuir or Toth isotherms [15].
The model enables to calculate the
diffusion coefficient of ethanol in the
presence of air in the pores of activated
carbon whose volume is not filled with
adsorbed ethanol.
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Theoretical

The model of adsorptive diffusion with pore filling correction of adsorbate has the following
form [15]

o0Cy _ P, =X IR, [20C, o°C,]_ SIR, (acAjz "
aT (B, -X,/R,)+S|R &R oR*> | (B, -X,IR,)+S| ¢R
whereby the variables have a dimension equal to one and
X xmBC L
AT T oA (2)
1+BC,
and
S:aXA: XAmB2 3)
oC, (1+BC,)
Initial and boundary conditions for adsorption or desorption steps:
T=0 O < R < 1 CA:CAl
>0 R=1 CA:CA2 (4)
T>0 R=0 oC,/oR=0
By substitution of derivations by differences and by modification of eqn (1) one gets
-X, /R
Ci,j+l =Ci,j + AT2 L {IB0 . = A [Ci+Lj _Ci—l,j]+(ﬂo _XA/RA)
(AR) [(:Bo —Xa / RA)+S] 1-1 (5)
2
[Ci+1,j -2C,; +Ciy; ]_(S/4RA)[Ci+1,j _Ci—l,j] }
where
R=(i-1) AR (6)

whereby i=1 in the particle centre. Values X, and S are calculated from egns (2), and (3) for the
value C;;. If the number of dividing sections in the direction of radius is equal to m and time n,
one obtains from egn (5) m.n algebraic equations. The number of points in the direction of the
radius will be m+1.

From eqn (4) the following equations were derived
for initial conditions

Cio=Ca1 i=1, 2, ....,m+1 @
for boundary conditions on the particle surface

Cm+1,j:CA2 j:l, 2,....,N (8)
and for boundary conditions in the particle centre

Cl,j=C2, 1 j=1, 2,....,N (9)

The solution is done in such a way that the adsorptive and adsorbate concentrations
throughout the particle are calculated for the chosen time. At the beginning of calculation the
values C;, given by eqgn (7) are used as a starting concentration at each point of the particle.
The solution begins from the first time step j = 1. For i = 1, the values in the particle centre
(obtained from eqn (9)) are inserted and for i = 2, 3,...., m+1, Cj;;; is calculated from eqn (6).
Thus, one obtains distribution of the concentrations of adsorptive Ca(R) and adsorbate
concentration Xa(R) in the particle at chosen time. This procedure is repeated for further time
steps up to j = n. Thus, the calculation is performed in two cycles. For the chosen time,
distribution of the adsorptive concentration C4(R) (and also adsorbate concentration X(R)) in
the particle is calculated. For comparison of data obtained from the model with experimental
data one needs to calculate the middle adsorbate concentration in the particle at a certain time
with dimension equal to one for the n-th adsorption step
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dzr;p, 13
The computation tends towards the determination of the optimal value D; for the given

point from the experimental kinetic curve. Ten optimal values of D; were calculated for each

adsorption or desorption step. From all optimal values of D; the integral mean of D was
calculated for adsorption and desorption steps using the relation

xlo
[ Ddx
D=X

11
X~ X, (11)

(o]
Experimental

Ethyl alcohol containing 99.99 mass % of ethanol was prepared from technical grade 96 vol %
ethanol by rectification in a packed column and by subsequent drying using CaO and the
molecular sieve 3A. The activated carbon Supersorbon HS-4 has the following parameters:
sieve fraction 1.25—1.40 mm, surface area 917 m’ g”, =0.46012 and particle density
pp=0.709 g cm’. The method of kinetic data measurement is described elsewhere [14].

Results and Discussion

Results of measurements of stepwise adsorption treated by the pore filling correction model are
summarized in Table 1

Table 1. Results of Computation for Stepwise Adsorption of Ethanol Vapours on Supersorbon
HS-4

r,=0.6615x10° m, p,=709 kg m*, p4=789 kg m®, /% =0.46012, m=100; AT=0.1

Al Ca1=0, C»=8.415x10"", X»,=0.20875, B=489474.6

t/s 306 612 918 1224 1530 1836 2142 2448 2754 3060

X102 215 3.65 4.63 524 559 578 589 598 6.05 6.09

D;x10%(m?s™) 3.01 486 598 654 672 665 650 652 7.78 7.05
D =5.26x10° m? s*

A2 Ca1=8.415x10", Cpp=4.289x10°, X»,=0.20875, B=489474.6

t/s 246 492 738 984 1230 1476 1722 1968 2214 2460

Xx10? 10.82 12.84 13.56 13.76 13.85 13.96 14.06 14.08 14.05 16.16

D;x10%(m?s?) 349 445 408 336 281 253 238 217 188 201
D =3.85x10° m?s™

A3 Ca1=4.289x10°, Cpy=1.131x10°, Xn=0.30345, B=203388.4

t/s 114 228 342 456 570 684 798 912 1026 1140

X102 17.96 19.74 20.49 20.78 20.91 20.99 21.04 21.08 21.12 21.15

D;x10%(m?s™) 243 354 364 331 294 261 227 190 164 187
D =3.11x10°m?s*

A4 Ca1=1.131x10, Cp,=2.082x10", X»n=0.43369, B=84682.76

t/s 150 300 450 600 750 900 1050 1200 1350 1500

Xx10? 26.10 26.83 27.08 27.20 27.28 27.33 27.37 27.40 27.42 27.44

D;x10%(m?s?) 312 246 194 158 135 117 103 093 084 077

D =2.31x10° m? s
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According to the model the diffusion coefficient of component A in a porous medium can be
calculated by

D = AB'B_,BD (12)

If the mass transfer takes place only by molecular diffusion D =Dag/k%. If only Knudsen

diffusion is responsible for the mass transfer [_):DK/kz. During the transport of adsorbing
component in the solid phase pores also surface diffusion takes place. At simultaneous
molecular and surface diffusion

[ _ ABﬂ ﬂ = =s _D s
Das == 2 5 f'c)=pD=p k2 f(C)} (13)

For simultaneously proceeding Knudsen and surface d|ffu3|0n holds

! _ Kﬁ ﬂs _D
Dis == 5 f'c)=pD=p—% 2t }

where f(c) describes the formula of the adsorption isotherm
q =f(c) (15)
and f'(c) is the derivative of f(c) with respect to c.

(14)

From eqns (13) and (14) follows that if surface diffusion takes place, then the term
including the contribution of surface diffusion can be significant what influences the transport
mechanism of ethanol vapours in the activated carbon particle.

Both the coefficient of molecular diffusion of ethanol in air Dag=1.220x10 m? st and
the coefficient of Knudsen diffusion of ethanol in the activated carbon particle Dx=3. 476x107 m?
s were calculated for measuring conditions. Taking into account the fact that the tortuosity
value for chosen activated carbon is higher than 1.5 and the contribution of surface diffusion is
significant one can conclude that the transport of ethanol in the presence of air in pores of
activated carbon Supersorbon HS-4 is a combination of Knudsen and surface diffusion.

For the effective diffusion coefficient calculation one can derive the relation

De=|5ﬂ'6K, (16)
+

where the equilibrium constant for stepwise adsorption and desorption is defined by
q, =K', +e 17

Table 2. summarizes the values of the effective diffusion coefficient calculated from egn
(16) and from the assumption of unsteady diffusion in spherical particles [14]. The values
calculated for both models exhibit the same trend and their difference is negligible.



Table 2. Calculated Diffusivity Values

Dex10'%(m? s™)

Omia/ pD x10%/
Measurement K’
(mol m®) (m? s eqn (16) II. Fick's law
Al 468.84 72 402 2.42 0.3343 0.4065
A2 1556.88 23 341 1.77 0.7589 0.9949
A3 2715.78 9 987 1.43 1.4360 1.9345
A4 3759.54 6 890 1.06 1.5430 2.1229
D1 3752.13 6 991 1.72 2.4610 2.4390
D2 2 684.47 10 292 1.78 1.7350 1.3853
D3 1553.38 21672 2.60 1.2000 0.7758
D4 611.38 56 687 2.47 0.4375 0.3550
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Symbols

b
B=b/p,
Ca

Ca1

Caz2

Ca=c, /(PPXZ

CAlv CAZ
Ci,,j 5
D1:DAB/|(
DAB
DAB
De
D
e
k2
K,
q
Qmid

r
lo

R=r/r,
RA=PA/Pp
Rp=pp/pp=1
S

t
T=tD/ry°
Xa

Xam

)

parameter of the Langmuir isotherm

parameter of the Langmuir isotherm, egn (2)
concentration of adsorptive

concentration of adsorptive before stepwise adsorption or
desorption

concentration of adsorptive during stepwise adsorption or
desorption

concentration of adsorptive

adsorptive concentrations

adsorptive concentration of a particle in place i at time j
diffusion coefficient

diffusion coefficient of molecular diffusion

diffusion coefficient in porous body defined by eqn (13) or (14)
effective diffusion coefficient defined by eq(16)

diffusion coefficient defined by eqn (11)

parameter in eqn (17)

tortuosity

parameter in eqn (17)

adsorbate concentration

middle concentration of adsorbate in adsorption or desorption
steps

radial coordinate

adsorbent particle radius

radial coordinate

parameter

parameter

quantity defined by eqn (3)

time

time

adsorbate concentration

adsorbate concentration corresponding to the monomolecular
layer

m*kmol*
kmol m™
kmol m™

kmol m™

N N
(72 7)]
5N LN

3 33 337+~ °F
0 0

mol m’

iy
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Xp= Xal X adsorbate concentration 1
XS =1kmol kg™ relative unit of adsorbate concentration kmol kg™
N =

X pm=Xam! X5 monomolecular layer adsorbate concentration 1

X4 middle adsorbate concentration in the particle at a certain time 1

Yii porosity of adsorbent particle 1

Lo porosity of activated adsorbent particle 1

Pa adsorbate density at temperature of adsorption kg m*

o density of adsorbent particle kg m?

Subscripts

i spatial coordinate

i temporal coordinate
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